We analyze the motion of stars in the direction perpendicular to the galactic plane following a spiral arm passage. We show that the fast change in the vertical galactic potential causes a thermalized distribution to develop a distinctive "ringing"-like non-thermal signature. We use A and F-stars from the extended Hipparocos catalogue to show that a spiral arm passage (or passages), with an amplitude (or randomly combined amplitudes) of at least δρ/ρ 0.15 must have taken place in the past (with ρ being the total background density). Presently, the local stellar distribution within ∼ 100 pc of the plane, appears (at the 2.5σ level) to be contracting towards it.
INTRODUCTION
Our vantage point close to the galactic plane prevents us from directly seeing the spiral arms of the Milky Way. Nevertheless, the spiral structure can still be studied through the observations of various arm tracers (e.g. Georgelin & Georgelin 1976; Blitz et al. 1983; Vallee 1995; Dame et al. 2001) . The arms can also leave kinematic signatures as they are well described by the Lin & Shu (1964) density wave theory (e.g., Binney & Tremaine 1987; Lin & Bertin 1995) . For example, the local spiral arm dynamics can be derived from the position of the Hyades, Sirius and other moving groups (Quillen & Minchev 2005; Antoja et al. 2011; Pompéia et al. 2011) . A similar signature can be derived from the Radial Velocity Experiment (RAVE) survey (Siebert et al. 2012) . Since the density waves can have a vertical component to the oscillation (Debattista 2014; Faure et al. 2014) , spiral arms could lead to a detectable vertical motion of stars, or masers (Bobylev & Bajkova 2015) .
Another interesting aspect of the density waves is the behavior of the gaseous component. Although the overall density variations associated with the spiral arms are small, probably of order 10%-15% (e.g. Siebert et al. 2012; Monguió et al. 2015) , this is not the case with the gas. Since the speed of sound in the latter is typically significantly smaller than the pattern speed of the spiral waves, shock waves are easily formed. As a consequence, one can expect large abrupt jumps in the density (Roberts 1972; Binney & Tremaine 1987) , which are in fact the perturbations that trigger star formation. Here we show that this abrupt change in density gives rise to an additional kinematic signature associated with the spiral arm passage, that of vertical "ringing" of the stellar distribution.
We will also see below that finding kinematic signatures is interesting, not only because it could teach us about the nature of the spiral arms, but also because it has interesting ramifications to the understanding the average mass density in the galactic disk. The standard method to recover this density is to analyze the distribution of stellar coordinates and velocities in the direction perpendicular to the galactic plane (Oort 1960) . If one assume that a given tracer population of stars is kinematically relaxed, or at least phase mixed, then relations between the distributions can be used to derive the potential and total mass density, with typical values ranging from 0.07 to 0.26 M /pc 3 (Bahcall & Bahcall 1985; Stothers 1998; Holmberg & Flynn 2000; Korchagin et al. 2003) .
When the estimated value for the total mass is compared with estimates for the total baryonic matter (i.e., stars, remnants and ISM, Holmberg & Flynn 2000; Garbari et al. 2011; McKee et al. 2015) , the difference can be used to infer the amount of dark matter material. Given that the Holmberg & Flynn (2000) ; Korchagin et al. (2003) studies for the total amount of mass is based on the Hipparcos data set, they are generally considered the most reliable. The value found by Holmberg & Flynn (2000) for the total amount of matter is 0.102±0.010 M /pc 3 , and 0.095 M /pc 3 for the visible matter, leaving very little for unaccounted dark matter. Similarly, Korchagin et al. (2003) find a total column density of 10.5 ± 0.5 M /pc 2 within 50 pc from the plane, giving a similar density. Nevertheless, having a larger amount of dark matter at the galactic plane is interesting as it may have interesting repercussions. For example, a higher density concentrated near the plane could imply that dark matter can self-interact and cool (leading to a "double disk dark matter"), with interesting implications to our understanding of high energy physics (Fan et al. 2013) . A larger density at the galactic plane would also immediately explain the prominent 32 million year oscillations observed over the past 550 million years (Shaviv et al. 2014) , and possibly apparent periodicities in cometary impacts (e.g., Randall & Reece 2014 and references therein) . Thus, it is very interesting to consider effects that could distort the estimates for the total amount of mass in the plane.
In their study, Garrido Pestaña & Eckhardt (2010) claimed that the vertical distribution of stars and their velocities is not in a state of equilibrium such that kinematic approaches to estimate the total amount of mass are futile. This point was later addressed by Sánchez-Salcedo et al. (2011) , who argued that there are no inconsistencies with the assumption of a virial equilibrium, which in fact, probably holds. However, even if the distribution of stars is in virial equilibrium, we will show that the passage of a spiral arm can perturb the vertical distribution of stars, giving rise to a "ringing" effect, such that it has the appearance of being in an equilibrium, but the vertical gravitational potential inferred from it would be wrong. We do so in §2. The signature of this ringing is then parameterized in §3. In §4 we study the behavior of stars with a finite amplitude in response to the spiral arm passage, for which the perturbation is neither instantaneous nor adiabatic. We then show in §5 that a small ringing signature is present at the data, indicating that the stellar population in the solar vicinity is presently contracting towards the mid-plane. We end with a discussion in §6.
THE KINEMATIC SIGNATURE OF A SPIRAL ARM PASSAGE
Let us consider a simple model to describe the effect of a spiral arm passage. First, we approximate the vertical potential to be harmonic. This is a good approximation as long as the density, ρ(z), can be assumed to be constant, namely, that it falls slowly when compared to the amplitude of the vertical oscillations of the stellar population.
Furthermore, we assume that the spiral arm can be considered as a contribution of two components. The first is the harmonically varying density of the background stars. Because its period is at least 100 Myr if not longer (Shaviv 2003) , it can be approximated as an adiabatic variation of the vertical oscillation, which has a half period of 30 to 42 Myr (Bahcall & Bahcall 1985; Stothers 1998; Holmberg & Flynn 2000) . The second component is that of the ISM gas which has a shock wave and a slow rarefaction behind it.
The effect of the adiabatic variation is to slowly puff up and contract the stars. For the harmonic oscillator, the adiabatic invariant is the area 2πE/ω enclosed in the z − p z phase space of a star. Since ω ∝ ρ 1/2 , E ∝ ρ 1/2 , the amplitude of the oscillations will vary as z max ∝ ρ −1/4 . However, even though the parameters describing the stellar motion change, a thermalized distribution of stars will keep its thermalized form, albeit in a changed harmonic potential. On the other hand, the effect of an instantaneous increase in the density associated with the passing of a shock wave is different.
Suppose there is an instantaneous increase in the density at the galactic plane, from ρ 0 to ρ 1 . This would correspond to an instantaneous increase in the vertical oscillation period, from ω 0 to ω 1 = (ρ 1 /ρ 0 ) 1/2 ω 0 . A star that initially has z 0 and v 0 will now oscillate in the modified potential.
As a function of time, its coordinates will be
The inverse transformation, which we will shortly require is
Since the distribution is assumed to be thermalized prior to the instantaneous change in the potential, the probability distribution is Boltzmannian, but relative to the initial potential. Namely,
Z is the normalization (and the partition function of the unperturbed distribution) while β is the inverse kinematic temperature. If we use the transformation given in eq. 3, we find:
and φ = ω 1 t.
The resulting distribution is a bivariate normal distribution. However, because the covariant term is generally not vanishing (except during multiples of a quarter period), the distribution cannot be described by a thermal distribution.
To see this, let us calculate the quadratic moments. We find
A thermal distribution would normally have vz = 0, but not in this case. We can understand the physical origin of this term by considering the two other terms, z 2 and v 2 . Both oscillate, but in opposite phase of each other. This means that the perturbed distribution oscillates between being puffed up in z, with smaller velocities, to having larger velocities but more compact in the z axis. In between the stellar distribution is either getting wider in z or narrower. When it is getting wider, the stars above the plane have a net positive velocity while those below the plane will have a net negative velocity, giving rise to a correlation between z and v and therefore vz > 0. When the stellar distribution is getting more compact, the opposite correlation arises and vz < 0. This describes "ringing" motion of the stars.
Another very interesting implication is that if one uses the thermal distribution to estimate the vertical potential one would be systematically off. For a thermal distribution, the second moments are related to the oscillation frequency ω through v 2 / z 2 = ω 2 . Thus, if the post-shock distribution would have been thermalized, we would have expected this relation to hold with ω 1 . Instead, we find an "effective" frequency of:
(13) That is, the oscillation frequency that one would infer from a naive comparison between the dispersion in velocity and the dispersion in height would not be the correct one.
Shortly after the shock passage, while the average density is high, the inferred frequency would then be within the range ω 0 ≤ ω eff ≤ ω 2 1 /ω 0 , depending on the exact oscillation phase. However, as the background ISM approaches the next spiral arm passage, the background density will decrease, such that inferred frequencies change adiabatically by a factor of (ω 0 /ω 1 ) 2 , giving a range of inferred frequencies of ω 2 0 /ω 1 ≤ ω eff ≤ ω 1 . If we have no information on the time since the last spiral shock passage, then a spiral shock jump of ρ 0 → ρ 1 would therefore imply that any effective density within the following range can be obtained:
This ambiguity in the determination of the oscillation period (and therefore the density and g potential) is actually deeper. The one dimensional thermal distribution of stars in a harmonic potential is characterized by β and ω. These parameters can be derived from measuring two others, such as the dispersion in the velocity and the dispersion in height. If however this distribution is perturbed by a shock, the stellar distribution will be characterized by 4 parameters instead of the above 2. They are β, characterizing the kinetic temperature of the distribution, ω 0 , the oscillation period before the density perturbation, and ω 1 , after the perturbation, and last, the phase φ = ω 1 t describing how much has the distribution rotated since the perturbation. However, the bivariate Gaussian distribution after the perturbation is characterized by only three variables. Thus, measurement of v 2 , z 2 and vz cannot recover the above four parameters without an ambiguity. In particular, a local measurement of the stellar distribution cannot unambiguously recover the vertical potential if it was perturbed by a spiral arm passage.
ASYMMETRY PARAMETERS
In order to see whether the local distribution of stars includes a signature expected from a spiral arm passage, we can calculate the above quadratic moments of a local set of stars. A useful quantity would be a dimensionless one such that an O(1) would imply having a significantly non-thermal distribution, thus, we can define
where δω ≡ ω 1 −ω 0 ω 0 . When ω 1 = 2ω 0 , for example, we find |A 2 | ≤ 3/5.
However, there is an advantage in considering lower order moments instead of considering the quadratic ones. Quadratic moments give a higher weight to faster stars, and to stars located further away from the galactic plane. They are therefore more sensitive to the ef-fect of outliers (the velocity distribution becomes significantly non-Gaussian for stars having |v| 20 km/s, corresponding to z max ∼ 200 pc) and the fact that the Hipparcos F-stars data used below becomes incomplete beyond about 200 pc. These can introduce systematic errors. Moreover, as we see in §4, we expect the asymmetry signal to be larger for smaller amplitude stars (which see a more impulsive change in the galactic potential). Thus, we can define a dimensionless asymmetry parameter that is more sensitive to lower velocity stars, as:
where sgn(x) gives ±1 depending on the sign of x. It can be evaluated for the above bivariate distribution to give
where δω = ω 1 − ω 0 ω 0 . For the specific case of ω 1 = 2ω 0 , one has |A 0 | ≤ 0.41.
A NON-IMPULSIVE PERTURBATION
We have assumed thus far that the change in the potential was impulsive. However, as can be seen in fig.  1 , this requires the potential to change sufficiently fast compared to the oscillation time scale. Since the horizontal extent of the region influencing an oscillation is of order the amplitude of the oscillation z max , am impulsive potential change would require the shock, moving at v shock , to cross the region in a time shorter than ∼ 1/ω. We therefore define a dimensionless "impulsiveness" number as
such that M 1 corresponds to the impulsive limit, while M 1 corresponds to the adiabatic one. Since the slowest that the spiral arm can move and still shock the ISM is of order the typical speed of sound, which is ∼ 10 km/s, we expect that any spiral arm will give rise to at least a modestly impulsive effect, with M 1 for modestly young stars having z max 100 pc. More specifically, if we adopt a 4-armed spiral arm passage frequency of ∼ 145 Myr (Shaviv 2003) , a pitch angle of ∼ 30
• (Naoz & Shaviv 2007) , and a vertical frequency ω ∼ 0.10 Myr −1 (Shaviv et al. 2014) , we find M ∼ 4(z max /100pc) −1 . To see the effect of finite impulsiveness, we need to solve the kinematics of a test star which experiences a jump in the background density. We can do so by writing the force with the gravitational Green's function and employing the symmetry about the disk plane. We therefore have that the force (per unit mass) at an arbitrary coordinate x is
where
is the Green's function, with G being the gravitational constant. If the shock is located at x = 0, such that ρ(x < 0) = ρ 0 and ρ(x > 0) = ρ 1 then
Although the general equation, dv/dt = F has a rather complicated solution, we can simplify it considerably by approximating the motion to have a constant velocity in the horizontal direction (such that v x = v shock t = const), while solving for the vertical direction. Under this approximation, we have dv z /dt =ẑ · F with F given above. This equation can then be solved for various cases described in figs. 2-6. Fig. 2 describes the solution of M = 0.4, 2.4 and 12.8 cases with ω 1 = 2ω 0 . Also shown is a contour plot of F z (x, z). One can see from the figure that the amplitude of the stellar oscillation in the adiabatic limit does not depend on the phase with which the shock catches the star, while in the impulsive limit it is important. This gives rise to the ringing effect in the impulsive limit. Fig. 3 depicts the oscillation half period (i.e., the galactic plane crossing period) that will be inferred by measuring the ratio z 2 / v 2 z . In the adiabatic limit, this inferred half period would correctly change from the real half period in the low density side, to the value in the high density side. However, once we consider impulsive variations in the density, the inferred value down stream from the shock would not necessarily reflect the real vertical period. Instead, it would oscillate around Figure 2. Trajectories of stars starting with a pre-shock density of ρ0 = 0.08 M /pc 3 (left), and a post shock density of ρ1 = 4ρ0 (right), for which M = 0.4 (amplitude of 200 pc in the low density pre-shocked side and an unphysically slow shock velocity of 5 km/s, in red), M = 2.4 (100 pc, 15 km/s, in green) and M = 12.8 (50 pc, 40 km/s, in blue). The dashed and solid lines correspond to stars having a different phase in the vertical oscillation. Note that one can see in the high M case that the amplitude of two stars having the same initial amplitude is different after the shock. The background contour plot is of equal strength force lines. it. For the purely impulsive limit (that is reached only for stars with very small oscillation amplitudes), it could be as high as the upstream period. This result implies that a kinematic measurement of the potential can be systematically wrong. The range of possible half periods for a given M is depicted in fig. 4 .
The ringing effect will manifest itself as an oscillating correlation between v and z of the stars, which can be quantified with the asymmetry parameters. Fig. 5 demonstrates the oscillation of A 2 defined in eq. 15. Note that there is a quarter phase difference between the oscillation of A 2 and the oscillation of ω eff around ω 1 . This implies that even if the asymmetry parameter vanishes, we cannot know for certain that ringing is not present and therefore ω eff = ω 1 . The maxi- The range of P 1/2,eff as a function of M after the spiral arm passage. The green dashed line represents the maximal value possible for P 1/2,eff obtained in the impulsive limit. It also corresponds to the pre-shock value of P 1/2,eff . The orange and blue lines correspond to the maximal and minimal values of P 1/2,eff , obtained for stars with different pre-shock phases for a given M. mal anisotropy for any M is given in fig. 6 . We see, for example, that one needs M ∼ 7 to get a maximal anisotropy in the oscillations which is two thirds the maximal anisotropy expected in the impulsive limit. This means that finite impulsiveness is important when analyzing the data. It also implies that we can expect a larger anisotropy when considering stars with a smaller amplitude of oscillation.
REAL DATA: ANALYSIS OF A & F STARS
For the data set use the extended Hipparcos-Tycho catalogue and select A and F stars having kinematic data and for which −0.2 < B − V < 0.6 and 1.0 < M V < 2.5. This includes A0 to F5 stars as a result of the relatively large dispersion in the absolute magnitude / spectral type relation in the Hipparcos dataset (Houk et al. 1997; Jaschek & Gomez 1998) . Stars in the above spectral range have a typical age ranging from 150 to 1500 Myr. Such stars are on one hand young enough not to have halo contamination, but old enough to thermalize in the vertical potential. They are also sufficiently bright to reach a completeness distance of about 200 pc, which we use as a cutoff for the data. The total number of stars satisfying the above criteria is 5112. Fig. 7 depicts the z−v z distribution of stars. It reveals that the stellar distribution is asymmetrical. Stars having a negative z tend to have a positive velocity while stars having a positive z tend to have a negative vertical velocity. This implies that the distribution is slowly contracting. The effect is more prominent for stars with a smaller amplitude. This is consistent with the expectations as the smaller amplitude stars experience spiral arm passages more impulsively.
Using the data, we can calculate the asymmetry parameters, and find
A 0 = 0.038 ± 0.014.
The error estimate is statistical and based on the variance and the finite sample size. As mentioned above, we expect A 2 to have a larger systematic error, and a smaller signal. We will therefore use A 0 below when estimating ω 0 /ω 1 and from it δρ/ρ. Besides the asymmetry, we can calculate other characteristics of the distribution. We find that σ z = z 2 1/2 = 74.4 ± 0.7 pc and σ v v 2 1/2 = 10.6 ± 0.2 km s −1 . These can be used to calculate ω eff . However, such a calculation would give an ω eff which could be systematically offsetted. This is because z 2 could be underestimated due to missing stars at large z's due to completeness of the A and F stars in the Hipparcos data, while the velocity dispersion, especially at large z's can be contaminated by outliers.
To overcome this problem, we can fit the distribution in z to a gaussian while ignoring data for which |z| > z max . This can be repeated for z max between 100 pc and 200 pc. The standard deviation of the truncated Gaussian distribution obtained this way is σ z = 99 ± 9 pc. Here the error is the one which encompasses the range of σ z obtained in the fit with different cutoffs. We can also calculate the velocity dispersion at the galactic plane, and find that it is σ v = 8.6 ± 0.5 km/s. Using these dispersions, we can estimate ω eff . It is ω eff = σ v /σ z = 0.087 ± 0.009 Myr −1 . The corresponding effective plane crossing period is then P 1/2,eff ≡ π/ω eff = 36 ± 4 Myr and the corresponding density at the plane is ρ 0 = 0.135 ± 0.015 M /pc 3 . Note that even with the fit to the truncated distribution, this value should only be used as a guideline. This is because the distributions are not Gaussians such that a simple analysis is an over simplification.
A more detailed analysis by Holmberg & Flynn (2000) of the kinematics of A & F stars, which assumes that their "phases" in phase-space are equilibrated, finds that the density should be 0.103 ± 0.01 M /pc 3 . It was shown however in Shaviv et al. (2014) that different cuts of the same data give different estimates for the mass density. Once this systematic uncertainty is considered, a more conservative estimate for the density is 0.12 ± 0.025 M /pc 3 , corresponding to a plane crossing period of P 1/2 = 38.3 ± 3.5 Myr and an effective frequency of ω eff = 0.082 ± 0.008 Myr −1 . The paleoclimatic determination of the plane crossing period is 31.9±0.6 sys ±0.6 stat Myr, such that ω eff /ω avr = 0.84 ± 0.08. This average frequency, ω avr , should be related to ω 0 and ω 1 through an appropriate average. In the linear regime for which ω 1 − ω 1 ω 0 , however, we expect the functional form not to be important, such that we can calculate ω eff /ω avr with for example ω avr = √ ω 0 ω 1 . Fig. 8 depicts the asymmetry parameter and the effective frequency ω eff normalized to the frequency average √ ω 0 ω 1 . The shaded regions correspond to either the asymmetry parameter A 0 , as derived from the asymmetry in the velocity/vertical distribution offset of A and F stars, or ω eff /ω avr as inferred from the kinematics of A and F stars and the paleoclimate data.
One finds from the figure that the consistent frequency jump during the spiral arm passages is ω 0 /ω 1 ≈ 0.82 − 0.93, corresponding to ρ 0 /ρ 1 ≈ 0.67 − 0.87. Moreover, the frequency ratios and asymmetry is consistent with a spiral arm shock passage about (10 to 15+n×31.9) Myr, with integer n. There are of course several caveats as elaborated in the discussion. First, finite speed effects would require a larger density jump to give the same asymmetry, requiring a larger density contrast. On the other hand, if the ringing effect dampens slowly, the ringing oscillation grows as the square root of the number of arm passages, thus requiring a smaller density contrast. There is a lack of a mirror symmetry along the axes (z → −z or v → −v). Instead, there is a rotated symmetry line. As a consequence there is a negative correlation between z and v which describes a contracting distribution. characterized by ω0/ω1, and the oscillation phase φ since the perturbation has taken place. The lower shaded region corresponds to the measured asymmetry using A and F stars from the Hipparcos catalogue. The upper shaded region corresponds the ratio between the ω eff as derived using the kinematics of A and F stars, and ω eff using paleoclimatic data. The intersection is highlighted.
SUMMARY & DISCUSSION
One of the implicit assumptions built into most kinematic determinations of the mass in the galactic plane is that the stars have random "phases" while oscillating in their z − v z phase space. Although it is less restrictive from assuming complete thermalization of the distribution, it was shown in the above analysis that it can lead to systematically wrong determinations of the local dark matter density. This is because abrupt changes to the gravitational potential of the disk arising from the passages of spiral arm shocks imply that the stellar distribution suddenly finds itself with a distribution which is too wide given the velocity dispersion and the new potential. As a consequence, the stellar disk develops a "ringing" motion as it oscillates around the new equilibrium.
The first interesting aspect of this motion is that it can cause the distribution to appear to be in phase equilibrium, while in fact it is not. This can give rise to systematically wrong determinations of the galactic mass density.
However, unless the ringing motion is caught at multiples of quarter of the post-shock oscillation period, the stellar distribution will exhibit a signature in the form of a phase space asymmetry. Stars moving upwards will have a different average z from stars moving downwards, or alternatively, stars above the plane will have an average velocity that is different from stars below the plane.
Such a signature exists in the nearby A and F-stars found in the extended Hipparcos catalogue at the 2.5σ confidence level. Specifically, the present stellar distribution within z 100 pc is contracting towards the galactic plane and the dimensionless asymmetry parameter is A ∼ 0.05, which implies that the kinematically determined oscillation frequency is unknown to at least O(0.1), and the inferred density unknown at the O(0.2) level. However, because the local kinematic data is insufficient to determine the shock parameters (strength and passage time), without additional information to remove the degeneracy, local kinematic determinations of the mass density have an intrinsic uncertainty.
The effect can also explain the discrepancy pointed out by Shaviv et al. (2014) , in which the inferred oscillation frequency of stars with a smaller vertical amplitude is smaller than the inferred oscillation frequency of stars reaching larger heights, as if the average density seen by stars with a larger amplitude is larger. Such apparently unphysical behavior is explained by the effect since it dominates the smaller amplitude stars as they experience a more abrupt effect by the shock wave.
In addition to the study of stars further away in the vertical direction, the parameter degeneracy can also be alleviated by studying stars further away in the galactic disk. The upcoming GAIA astrometric catalogue (Perryman et al. 2001) will not only be able to measure the local spiral arm signature much better, it will be able to measure the asymmetry signature as a function of horizontal distance. This will not only allow the determination of the mass density without degeneracy, it will also provide the direction of the spiral arm, its amplitude and the time since the last passage (i.e., φ).
Until then, it is possible to extract more information if we combine the kinematic data with the paleoclimatic determination of the long term oscillation period (Shaviv et al. 2014) . By comparing the latter to the "effective" oscillation frequency from stellar kinematics (Holmberg & Flynn 2000; Korchagin et al. 2003; Shaviv et al. 2014) , one finds that the spiral arm density jump should correspond to about δρ/ρ ∼ 0.15, and that the recent spiral arm passage took place about (10 to 15+n×31.9) Myr ago. However there are several caveats.
First, this analysis assumes the sudden approximation. This is certainly true for the stars closest to the galactic plane, but it starts to be a less-than-ideal approximation for stars further away. For the median star, with z max ∼ 75 pc, we expect about 2/3's of the asymmetry predicted under the sudden approximation limit.
On the other hand, the analysis also assumes that any ringing is the result of a single spiral arm passage. If however the decay time of the ringing is longer than the typical time between passages, the amplitude will be larger, and the phase not a precise indication of the last arm passage. It is therefore interesting to consider the different mechanisms that may govern the decay.
First, nonlinearity of the harmonic potential will imply that stars with different amplitudes will have a somewhat different oscillation frequency ω(z), which will phase mix the stars. According to Bahcall & Bahcall (1985) , we can expect this to be a δω N L /ω ∼ 5% effect on stars within ∼ 100 pc. To smear out the ringing effect, a typical mixing of half the plane crossing period should be accumulated, i.e., the nonlinearity mixing time is roughly τ N L ∼ P 1/2 /2 (δω N L /ω) −1 ∼ 300 Myr. The damping time scale will be shorter for stars with larger amplitudes and longer for smaller amplitudes. Diffusion in the phase space describing the vertical motion will also phase mix the stars. This diffusion is responsible for slowly increasing the velocity dispersion, and it can be described with a diffusion coefficient that is about D w ≈ 2.5 × 10 −7 km s −1 yr −1 (Wielen 1977) . The diffusion in velocity will give rise to a dispersion in the oscillation phase, which is of order σ φ ∼ D w t/2/σ W . To disperse the stars by half the plane crossing period, i.e., to get σ φ ∼ π/2, one has to wait typically τ D ∼ 10 9 yr for σ W ∼ 7 km s −1 . Here the phase mixing is faster for smaller amplitude stars, but given the typically longer time scales, the effect is probably not dominant. Another relevant effect that should damp the ringing is phase mixing due to the radial dispersion of stars-the local population of stars is a mix coming from different galactic radii each having a somewhat different vertical oscillation period. If the horizontal velocity dispersion is σ U ∼ 10 km/s, then the gyration center of these stars will have a dispersion of order σ R ∼ σ U /κ. Here κ is the radial epicyclic frequency which can be derived from Oort's constants. Since there is a radial gradient in the density ρ ∝ exp(r/L), stars having different gyration centers will have a different average vertical oscillation period. The variation in ω of the vertical oscillation is therefore roughly
where we have taken L ∼ 4 kpc, and P κ ∼ 150 Myr. To washout the kinematic signature, the phases have to be mixed by about half the plane crossing period. Thus, the damping from the radial velocity dispersion is
Although this process does not depend directly on the vertical amplitude of the stars, older populations having a larger amplitude will also have a larger radial dispersion, giving rise to faster mixing. Given the above processes, it is clear that a typical time scale of a few 100 Myr should characterize the phase mixing and damping of the vertical ringing. Since spiral arm passages occur over this time scale (e.g., every 150 Myr, see Shaviv 2003) , we should expect to accumulate around n ∼ 2 to 3 spiral arm passages. The arm passages should occur at random phases within the vertical oscillation, the typical amplitude should be of order √ n ∼ 1.5 times larger than the amplitude expected from one spiral arm passage.
Clearly then, the exact kinematic asymmetry depends on comparable but competing effects. The noninstantaneous spiral arm passage tends to decrease the asymmetry but finite number of arm passages will increase it. Thus, we can conclude that a spiral arm signature is present in the kinematic data, but cannot exactly ascertain the spiral arm parameters, at least, not until the GAIA catalogue will be published. It also implies that trying to measure the exact density at the galactic plane can lead to systematically wrong values. 
